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Introduction
Following severe traumatic brain injury (TBI), around 55% of patients develop a secondary brain injury in the minutes, hours, days or even weeks after the initial injury. The secondary brain injury is typically due to hypoxia, as a result of intracranial bleeding, brain swelling, hydrocephalus or low blood pressure. 1, 2 Evidence is emerging that early detection and treatment of brain hypoxia improves patient outcomes. 3, 4 Monitoring of the brain following TBI remains problematic. Currently, monitoring depends on invasive techniques such as intracranial pressure (ICP) catheters, intraparenchymal oxygen sensors and jugular bulb venous catheters. These approaches carry risks, are technically challenging, are expensive, may still not detect hypoxic complications and cannot provide monitoring from the point of trauma till hospital discharge. 2, 4, 5 Furthermore, non-invasive monitors of brain oxygen levels, such as cerebral oximeters, have failed to demonstrate consistent results, due to blood flow in the skin contaminating the signal. 6, 7 Current guidelines do not recommend their use. [8] [9] [10] To address these limitations, we developed a novel non-invasive brain oximeter, based on the principles of pulse oximetry, designed to detect the brain pulse and measure brain oxygen levels. We undertook a study to assess the monitor in a sheep model of acute brain injury.
The aims of the study were first to assess whether the brain oximeter detected changes in brain oxygen levels following an acute increase in intracranial pressure and second to assess whether blood flow and oxygen levels in the skin were a potential source of error.
Materials and Methods
The study was approved by the South Australian Health and Medical Research Institute Animal Ethics Committee and conducted according to guidelines established for the use of animals in experimental research as outlined by the National Health and Medical Research Council code of practice for the care and use of animals for scientific purposes (8th edition, 2013).
The Monitor
The brain oximeter utilizes wavelengths in the near infra-red (NIR) range 660 and 895 nm and uses the principles of pulse oximetry to detect the pulsatile changes in the optical signal. 11 Conventional pulse oximeters derive blood oxygen levels by deriving the ratio of ratios (RR). The brain oximeter pulse waveform is quite distinct from the conventional skin pulse oximeter waveform; therefore, a new signal processing algorithm was developed to determine a modified RR (RR m ). The RR m is measured throughout the entire cardiac cycle, during both systole and diastole, and the levels therefore represent the average microvascular oxygen level, not the arterial level. The monitor is different from conventional cerebral oximeters in a number of ways. First, it monitors the pulsatile changes in the optical signal, this allows confirmation that the optical signal is arising from the brain and also provides a measure of relative changes in cerebral blood flow. The sensor is much smaller than a conventional cerebral oximeter and has design elements to minimize skin oxygen levels and blood flow influencing the signal, which is a major limitation of conventional cerebral oximeters. 6, 7 The oximeter was evaluated in 8 adult Merino sheep, average weight 49.5 kg, 5 were female, that were acclimatized for a minimum of 7 days prior to the commencement of the study. Animals were fasted overnight prior to the procedure and anaesthesia was induced with intravenous thiopentone (1000 mg in 20mL, Jurox Pty Ltd, Australia). Animals were intubated with a size 9 ET tube and maintained on inhalational isoflurane (1.5-3%; Veterinary Companies of Australia) with a mixture of oxygen and room air. Animals remained under general anaesthesia for the entire duration of the experiment. End-tidal CO 2 was monitored. Arterial pulse oximetry saturations were maintained at~100% throughout. An arterial catheter was placed in the right brachial artery or right carotid artery and fed into the aorta for continuous blood pressure monitoring. With the animal in the sphinx position, a 5-mm burr hole was drilled over the left hemisphere and a Codman ICP monitor (Codman & Shurtleff Inc., MA) inserted to an approximate depth of 15 mm, as previously described. 12 The cerebral perfusion pressure (CPP) was calculated by subtracting the blood pressure from the ICP. A second burr hole was drilled in the frontal part of the sagittal sinus and a cannula placed to access venous blood gas samples. Venous blood gases from the sagittal sinus were analysed using a Rapid point 500 Siemens (Munich, Germany) blood gas analyser. 13 Due to the technical difficulty in in placing the sagittal sinus catheter, samples could only be collected in one animal. The brain oximeter was placed on the shaved scalp, over the right brain hemisphere.
To assess the potential influence of skin oxygen levels and blood flow on the brain oximeter signal, we simultaneously recorded the pulsatile waveform and oxygen levels from a conventional skin pulse oximeter placed on the skin of the nose (Covidien, Maxfast, USA).
Injection of Blood into the Cranial Vault
A third burr hole was drilled over the frontal lobe, and a spinal needle was inserted until it touched the bone at the 
Data Management
Pulse oximeter data output is based on the pulse rate rather than on time. To collate these data from multiple animals with different heart rates, we, therefore, averaged the pulse oximeter data over 5-s windows. In addition, as brain oxygen levels vary during the systolic and diastolic phases of the cardiac cycle, the data were averaged over the whole of each individual cardiac cycle, and therefore represent the average microvascular oxygen level, not the arterial level. We used the known relationship between RR and blood oxygen saturation (SO 2 ), where SO 2 = 110-25 (RR) to estimate blood oxygen saturation, as the exact correlation of RR m with blood oxygen levels is yet to be established. 11 Exactly the same approach was used for the analysis of the conventional skin pulse oximeter data to ensure a meaningful comparison. The figures demonstrating the pulsatile changes in light intensity from the brain and skin pulse oximeters are presented, by convention, with the Y-axis (light intensity) inverted.
Statistical Analysis
Repeat measures analysis of variance was used to assess the effect of the injection of blood into the cranial vault on the simultaneous brain and skin oxygen level changes. The Mann Whitney U-test assessed the change in the pulse amplitude of the brain and skin pulse oximeters. Least squares linear regression was used to assess the correlation between the sagittal sinus and brain oximeter. Prism software (Version 8, Graph Pad Inc, San Diego, CA, USA).
Results
We studied 8 sheep. In one animal, the brain oximeter signal was inadequate for interpretation, due to a sensor interface problem with the scalp surface. This animal was a castrated male with a prominent horn bud. The results for 7 animals are therefore reported. BP data were available for all animals, but ICP data were available in 5 of the animals, due to technical problems. Sagittal sinus vein cannulation was successful in only 1 animal. In one animal, saline was used for the last 4 injections due to the aspirated blood clotting prior to injection. There was no difference in the responses between the saline and blood injections. The baseline brain oximeter pulse waveform is demonstrated in Figure 1 . It is distinct from the conventional skin pulse oximeter waveform, demonstrating features similar to the shape and timing of the pressure waveform seen in the central venous circulation, including A, C, X, V and Y waves. The start of the brain pulse was delayed relative to the simultaneous conventional skin pulse oximeter pulse, and the pulse peak signal was at the end of diastole.
The brain oxygen saturation levels estimated by the RR m levels were not constant but varied with the systolic and diastolic phases. The oxygen level was highest during the systolic phase 100% and fell to~60%, at the enddiastole, as shown in Figure 2 . Conventional skin pulse oximetry oxygen levels remained relatively constant at 100% throughout the cardiac cycle (data not shown).
Injection of Blood into Cranial Vault to Acutely Increase ICP Intracranial Pressure Changes
The temporal changes in intracranial, blood and cerebral perfusion pressures (CPP) following each of 5 sequential injections are presented in Figure 3 , upper panel. Each of the injections caused an immediate increase in ICP and fall in CPP. Typically, by 60 s the CPP recovered, due to an increase in blood pressure and fall in the ICP. The extent of increase in ICP and the blood pressure response were greater for each subsequent injection.
Brain and Skin Oximeter Oxygen Levels and Pulse Amplitude Changes
The brain and skin oxygen and pulse amplitude responses following each of the 5 sequential injections are shown in Figure 3 , middle and lower panels. The extent of the oscillations in the brain oxygen levels and the brain pulse amplitude were more marked for the later injections.
The typical changes are illustrated by the third intracranial injection which is presented in Figure 4 . The injection caused an immediate increase in ICP. This was associated with an immediate fall in the CPP which was recovered by 60 s. The brain microvascular oxygen saturation before the third injection was 85%, which fell to 78% immediately following the injection, and by 60 s oxygen levels increased well above baseline levels to reach 94%. Brain oxygen levels fell a second time at~150, seconds to 77% and recovered thereafter. Skin oxygen levels remained relatively stable. The temporal changes in oxygen levels following the injection of blood were significantly different for the brain and skin oximeters (P < 0.0001, repeat measures analysis, for interaction between time and oximeter type).
The brain pulse amplitude increased markedly by 30 s, after the injection, while the conventional skin pulse oximeter amplitude remained unchanged [P = 0.0006, Mann Whitney U-test, for assessment of the percentage change from baseline, 117% (76 −181) vs 2% (1.9 −18.9) median (IQR)].
Pulse Waveform Changes
High ICP levels (>40 mmHg) were associated with the brain oximeter pulse developing periods of regular high-frequency oscillations at around 7 Hz. These changes were not present in the conventional skin pulse oximeter waveform ( Figure 5 ).
Sagittal Sinus Vein Oxygen Levels
Venous blood gases were measured from the sagittal sinus vein in one animal at baseline and at around 120 s, following each brain injection of blood. Venous oxygen levels correlated with the non-invasive blood oxygen levels measured by the brain oximeter. R 2 0.77, P = 0.12 ( Figure 6 ).
Discussion
In this sheep model, we found the brain oximeter detected changes in oxygen levels triggered by an acute increase in intracranial pressure levels. Raised intracranial pressure levels were also associated with changes in the brain pulse waveform. These responses were not present in the Brain Pulse X A C Figure 1 Simultaneous recording of the brain and conventional skin pulse oximetry waveforms in a single normal sheep brain. The dashed lines represent the start of the skin pulse. The brain and skin pulses were distinct, with the brain pulse demonstrating a waveform similar in shape and timing to a central venous pressure waveform, with A, C, X, V and Y waves, whereas the skin pulse demonstrated a waveform similar in shape and timing to an arterial pressure waveform. In addition, the start of the brain pulse was delayed relative to the skin pulse, by around 100 ms (arrow) and the peak of the pulse was at the end of diastole. Abbreviation: AU, arbitrary units. conventional skin pulse oximeter pulse waveform, suggesting that skin blood flow does not contaminate the brain signal. The brain pulse oximeter could assist clinicians in the management of patients with traumatic brain injury.
Brain pulse waveform and oxygen levels at baseline
The brain oximeter pulse waveform was quite distinct from that obtained from simultaneous conventional skin pulse oximetry. In conventional pulse oximetry, the waveform is similar in shape and timing to an arterial pressure waveform. The brain pulse waveform was, however, similar in shape and timing to a central venous pressure waveform, with A, C, X, Vand Y waves. The brain pulse onset was delayed relative to the simultaneous skin pulse by around 100 ms, and the pulse peak occurred late in diastole. These features are also consistent with the pulse arising from the venous circulation. These findings may reflect the large proportion of the blood that resides in the venous circulation in the brain. Indeed, venular vascular beds account for 50% of the brain Figure 2 Simultaneous display of the modified ratio of ratios (RR m ) and brain oximeter pulse waveform in a single normal animal. The blood oxygen saturation (SO 2 ) and the modified ratio of ratios (right) (Y-axis). The dashed line demonstrates the start of each systole, indicated by the start of the X wave. Systole was temporally associated with a rapid increase in oxygen levels. Thereafter, levels fell during diastole. The lowest oxygen value was at the end of diastole. Abbreviation: AU, arbitrary units. microvascular blood volume, and if small veins are included, up to 85% of the brain blood volume. [14] [15] [16] [17] [18] The change in oxygen levels during the systolic and diastolic phases of the cardiac cycle was quite distinct from conventional skin pulse oximetry. The brain oximeter detected high oxygen saturations (100%) levels during the systolic phase, with a fall to low levels (60%) during the diastolic phase of the cardiac cycle. These findings are consistent with the signal arising predominately from microcirculation of the brain. The increase in oxygen levels during systole may represent arterial blood entering the microcirculation, while the falling levels during diastole may represent oxygen diffusing from the blood into the tissues. This is distinct from conventional skin pulse oximetry, where due to extensive shunting of blood through the skin, bypassing the microcirculation, oxygen levels typically remain arterial throughout the cardiac cycle. 19 
Injection of Blood into the Cranial Vault to Acutely Increase ICP Brain Oxygen Levels
Each injection of blood triggered an immediate increase in ICP and fall in CPP; however, by 60 s CPP recovered. These changes were most marked following the last 4 injections. These temporal changes in CPP were reflected in the brain oximeter's recordings with an immediate fall in oxygen followed by a marked increase by 60 s, and a second fall in oxygen levels occurred at 150 s. The initial fall in oxygen levels is consistent with reduced cerebral perfusion, while the marked increase in brain oxygen levels at 60 s may represent a combination of cerebral vasodilation and an increase in blood pressure resulting in cerebral hyper-perfusion, as has been demonstrated in animal models immediately following acute brain injury. [20] [21] [22] The second fall in brain oxygen levels at 150 s may represent cerebral vasoconstriction to normalize brain oxygen levels. Conventional skin pulse oximetry did not demonstrate these swings in oxygen levels. Modest reductions in skin oxygen levels were observed also at around 150 s, following later injections. This may represent skin vasoconstriction to redirect blood flow to the brain.
Pulse Amplitude
For the final 3 injections, the amplitude of the brain oximeter pulse increased significantly. These changes were absent in the conventional skin pulse oximetry signal. This finding may reflect a combination of dorsal movement of the brain (towards the skull), due to the increase in ICP (which could increase light from the monitor reaching the brain tissue) and the associated increase in blood pressure combined with cerebral vasodilation, resulting in hyper-perfusion. [20] [21] [22] This acute increase in the brain oximeter pulse amplitude could provide a method to detect periods of elevated ICP.
Pulse Waveform
Raised ICP levels were also associated with periods of highfrequency oscillations, at around 7 Hz, in the brain oximeter pulse waveform. These oscillations were not present in the skin oximetry pulse. Previous studies have also documented oscillations at this frequency in ICP pressure tracings and represent movement or "ringing" of the brain in response to the systolic blood pressure wave entering the brain. [23] [24] [25] Raised ICP pressure levels increase the amplitude of these oscillations. 26 This increased "ringing" may cause the changes in the brain waveform we observed. The synchronous nature of the pulse and the high-frequency oscillations were consistent with a cardiac source of the brain oscillations. Previous clinical studies, in the setting of acute brain injury, demonstrated that high-frequency oscillations in the ICP were associated with poorer clinical outcomes. 25, 27 These changes may provide an additional method to detect periods of raised ICP.
Sagittal Sinus Blood
Due to technical challenges, we were only able to obtain sagittal sinus blood in one animal. The brain pulse oximeter oxygen levels demonstrated a correlation with these blood levels. It may be anticipated that the brain oximeter's oxygen levels and venous blood oxygen levels show a correlation, as the brain pulse oximeter blood oxygen levels reflect the average microvascular oxygen levels which include the diastolic phase of the cardiac cycle when microvascular and venous oxygen levels are equivalent. The monitor has a number of potential advantages over existing cerebral oximeters. Cerebral oximeters measure a composite of arterial, microvascular and venous blood oxygen, and the accuracy of this measure in detecting brain hypoxia following TBI is poor. 28 Unlike cerebral oximeters, the brain oximeter measures a pulse arising from the brain microcirculation, which has characteristic shape and oxygen levels that can be used to discriminate from a signal arising from the skin. This is not possible with cerebral oximeters. The amplitude and shape of the brain oximeter pulse may also provide additional information on relative changes in cerebral blood flow. Finally, the brain oximeter potentially measures the absolute oxygen saturation of blood in the microcirculation. The oxygen levels during the diastolic phase of the cardiac cycle have particular clinical significance, as it is the lowest oxygen level during diastole that determines whether brain cells have sufficient oxygen. 29, 30 By enabling continuous monitoring and early detection of low brain tissue oxygen levels, clinicians may be able to provide earlier interventions that prevent secondary brain injuries due to hypoxia.
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Limitations
We attempted to use the sagittal sinus blood oxygen levels as a measure of brain tissue oxygen levels, but due to technical difficulties, we were successful in only 1 animal. While CPP is a reasonable surrogate of brain oxygen levels, insertion of an intraparenchymal oxygen sensor may have provided a direct measure of brain tissue oxygenation levels. Future trials using a parenchymal oxygen sensor could address this limitation.
The association between the RR m value derived by the brain pulse oximeter and blood oxygen levels has not as yet been established. To estimate brain blood oxygen levels, we, therefore, used the known relationship between RR and blood oxygen levels, of conventional pulse oximetry. At low oxygen saturations (<75%), the accuracy of the relationship between RR and blood oxygen levels is known to deteriorate, which adds uncertainty. 34 Our current approach can only provide a guide to the relative change in brain oxygen levels. Further work is required to accurately determine the relationship between RR m and brain blood oxygen levels.
Conclusion
The brain oximeter detected changes in both oxygen levels and the brain pulse waveform triggered by an acute increase in intracranial pressure levels. The brain oximeter could assist clinicians in the management of acute brain injury.
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